Although neurotrophin actions in the survival of specific retinal cell types have been identified, the biological functions for neurotrophin-3 (NT-3) in early retinal development remain unclear. Having localized NT-3 and trk C expression at early developmental stages when retinal neuroepithelial progenitor cells predominate, we sought to modulate NT-3 signaling in these cells by overexpressing a truncated isoform of the NT-3 receptor, trk C. We have demonstrated that this non-catalytic receptor can inhibit NT-3 signaling when coexpressed with the full-length kinase-active trk C receptor. Using a replicationdeficient retrovirus to ectopically express the truncated trk C receptor to limited numbers of progenitor cells in ovo, we examined the effects of disrupted trk C signaling on the proliferation or differentiation of retinal cells. Clones expressing truncated trk C exhibited a 70% reduction in clone size, compared with clones infected with a control virus, indicating that inhibition of trk C signaling decreased the clonal expansion of cells derived from a single retinal progenitor cell. Additionally, impaired NT-3 signaling resulted in a reduction of all retinal cell types, suggesting that NT-3 targets retinal precursor cells rather than differentiated cell types. BrdU labeling studies performed at E6 indicate that this reduction in cell number occurs through a decrease in cell proliferation. These studies suggest that NT-3 is an important mitogen early in retinal development and serves to establish the size of the progenitor pool from which all future differentiated cells arise.
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During retinal development, multipotent progenitor cells in the neuroepithelium undergo commitment and differentiation to yield all of the cell types of the retina (Holt et al., 1988; Turner et al., 1990) . Retinal progenitors become progressively restricted in the cell types they can generate, and the time at which a retinal precursor commits correlates with the cell type to which it differentiates (Lillien, 1994; Cepko et al., 1996) . Because progenitor cells in the retina remain mitotically active during embryonic and, in some species, early postnatal development, it is important to define the factors regulating progenitor cell proliferation. In in vitro studies, transforming growth factor (TGF)-␣ and TGF-␤3, epidermal growth factor (EGF), and basic fibroblast growth factor (bFGF) and acidic FGF (aFGF) promote progenitor cell proliferation at different periods of retinal development in rodent (Anchan et al., 1991; Lillien and Cepko, 1992; Anchan and Reh, 1995) , whereas insulin and insulin-like growth factor (IGF)-I and IGF-II induce proliferation in fish and chick retinal cultures (Hernandez-Sanchez et al., 1995; Boucher and Hitchcock, 1998) . The utilization of different mitogenic growth factors at distinct periods of retinal histogenesis suggests that the coordinate action of several growth factors may regulate the proliferation of neuroepithelial cells in the retina (Lillien and Cepko, 1992; Anchan and Reh, 1995) . Because the degree of proliferation in explant cultures induced by exogenous factors is less than that detected in vivo, other mitogenic factors may exist, some of which could be derived from adjacent tissues such as the retinal pigmented epithelium (Lillien and Cepko, 1992) .
Neurotrophin-3 (NT-3) is a member of the neurotrophin family and regulates the development of neurons in the CNS and PNS that express the receptor tyrosine kinase trk C (Davies, 1994; Lewin and Barde, 1996) . After NT-3 binding, trk C undergoes kinase activation, leading to the recruitment and phosphorylation of signaling proteins that regulate neuronal proliferation, differentiation, and survival. In addition, alternative splicing of the trk C gene can generate truncated trk C isoforms that lack the kinase domain (Tsoulfas et al., 1993; Valenzuela et al., 1993; Garner and Large, 1994; Menn et al., 1998) . The non-catalytic receptors, which are well conserved among species, may sequester neurotrophins and inhibit signaling by catalytic receptors when both catalytic and truncated isoforms are coexpressed. Indeed, overexpression of truncated trk C in a transgenic mouse model results in a phenotype similar to that observed in trk C or NT-3 null mutant animals, suggesting that truncated trk C receptors negatively modulate kinase-active trk C signaling (Palko et al., 1999) .
NT-3 and trk C are expressed in the developing chick retina as early as embryonic day 5 (E5) , and their expression persists through hatching Hallbook et al., 1996; Das et al., 1997) . At later developmental stages, NT-3 production by retinal amacrine and ganglion cells (GCs) may serve important trophic actions on central retinal targets (von Bartheld et al., 1996a (von Bartheld et al., , 1996b . However, the coexpression of NT-3 and trk C in retina before target innervation suggests that NT-3 might serve additional local actions in retina (Hallbook et al., 1996; Das et al., 1997; Herzog and von Bartheld, 1998) . NT-3 promotes the survival and differentiation of retinal cells in vitro (de la Rosa et al., 1994a) . Additionally, antibodymediated NT-3 depletion at E3 in ovo results in a reduction in the number of ganglion cells, narrowing of the retinal lamina, and disrupted synaptic organization . At later developmental stages (E9 -E13) NT-3 promotes the survival of retinal amacrine and ganglion cells in vitro, suggesting that NT-3 may exert pleotropic functions at different developmental stages. However, the direct actions of NT-3 on trk C-expressing cells in early retinal development remains to be clearly defined.
Thus, to more precisely define the role of NT-3 in early retinal development, we have used retroviral gene delivery to alter NT-3 signaling. Replication-deficient recombinant retrovirus encoding the chicken truncated trk C receptor was delivered to the developing retina to inhibit NT-3-dependent trk C activation. Using clonal analysis, these in vivo studies have allowed us to assess the effects of impaired NT-3 signaling on retinal progenitor cell proliferation, differentiation, and migration.
MATERIALS AND METHODS
T issue preparation and NT-3 immunohistochemical staining. Fertilized eggs from White Leghorn chickens (Truslow Farms, Chestertown, MD) were incubated as described (Das et al., 1997) . Embryos harvested at E5 were fixed in 0.1% paraformaldehyde in PBS for 1 hr and cryoprotected, and the posterior retina was sectioned on a cryostat (10 m). Tissue sections were blocked in 5% goat serum containing 0.1% Triton X-100, then incubated with an antibody to N T-3 (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactivity was visualized by the biotinavidin immunoperoxidase method (Vectastain Elite ABC K it, Vector Laboratories, Burlingame, CA) using a V I P substrate (Vector Laboratories) and counterstained with hematoxylin. The specificity of the immunoreactivity was confirmed by preadsorbing the primary antibody with the N T-3 immunizing peptide (Santa Cruz) and has been confirmed by the lack of immunoreactivity on tissues from N T-3 (Ϫ/Ϫ) null mutant mice.
RT-PCR of f ull-length trk C. Eyes were isolated from E5 embryos, minced, and triturated with 18 and 22 gauge needles. RNA was isolated according to the procedure described by Chomczynski and Sacchi (1987) . The RNA samples were reverse-transcribed using random hexamers according to the protocol of the GeneAmp RNA PCR kit (Perkin-Elmer, Norwalk, C T). Samples incubated in the absence of reverse transcriptase were used as a negative control. The reaction conditions and specific primers used for PCR amplification of f ull-length trk C were described previously (Henion et al., 1995) . The PCR products were separated on a 7% acrylamide gel and stained with ethidium bromide.
Generation of recombinant replication-deficient retrovirus. The chick truncated trk C cDNA was a kind gift of Pantelis Tsoulfas (The Miami Project, University of Miami) and corresponds to the published sequence designated as the kinase deleted trk C by Garner and Large (1994) . The coding region of truncated trk C beginning at Ϫ15 bp of the 5ЈUTR and including 7 bp of the 3ЈUTR was subcloned into the SM A site of the pC X I Z replication-deficient retroviral vector that encodes the lacZ gene (Mikawa, 1995) . This viral construct expresses a dicistronic message under the transcriptional control of the viral LTR and uses an internal ribosome entry site (IRES) sequence to direct the translation of ␤-galactosidase (␤-gal). After cotransfection with the viral DNA and pM EX neo plasmid into the D17.2G packaging cell line (Mikawa et al., 1991) , stable clones yielding infective titers of Ͼ10 4 /ml were isolated by repetitive subcloning (four times) and propagated as previously described (Mikawa et al., 1991) . For in ovo injections, virus was harvested from nearly confluent monolayers and concentrated by centrif ugation. The retrovirus produced by these clones was confirmed to be replicationdeficient by methods described by Mikawa et al. (1991) . Control virus (C X L) encoding ␤-galactosidase was used as a control (Mikawa et al., 1991) .
NT-3 cross-link ing anal ysis to demonstrate truncated trk C e xpression in retroviral lines. N T-3 (human recombinant; Promega, Madison, W I) was radio-iodinated using lactoperoxidase as described (Hempstead et al., 1989) to a specific activity of 2500 cpm /fmol. The D17.2G-expressing truncated trk C (truncC) or parental D17.2G cells suspended at 1 ϫ 10 6 cells/ml were incubated with 50 ng /ml 125 I-N T-3 for 2 hr at 4°C as described . Bound N T-3 was cross-linked to cells by exposure to 50 mM n-hydroxy-succinimidyl-4-azido benzoate (HSAB) (Pierce, Rockford, IL) for 10 min with photoactivation using a 365 nm UV lamp. C ells were washed twice in 50 mM lysine in PBS to quench the HSAB, and lysed in RI PA buffer containing protease inhibitors. Proteins were separated by SDS-PAGE, and autoradiography was performed as described . Cell transfection and Western blot anal ysis. The D17.2G packaging cell line or truncC line was transiently transfected with pCDNA3 encoding kinase-active rat trk C using lipofectamine. Forty-eight hours after transfection, cells were washed and incubated in serum-free media for 2 hr, followed by treatment with or without 50 ng /ml N T-3 for 5 min. C ells were lysed in RI PA buffer containing protease and phosphatase inhibitors, and kinase-active trk receptors were immunoprecipitated using anti-trk antisera Hempstead et al., 1992 ) that recognizes kinase-active trk A, B, and C. Immunoprecipitates were separated by SDS-PAGE, and Western blot analysis was performed using the anti-trk antisera or an anti-phosphotyrosine antibody (4G10; Upstate Biotechnology, Lake Placid, N Y). Truncated trk C was detected using an antibody specific for a unique 16 amino acid sequence in the cytoplasmic tail of chick truncated trk C (L N PISL PGHSK PL NQG) corresponding to an antibody previously characterized (Donovan et al., 1995) . PC12 cells overexpressing trk A (615) were used as positive control for trk expression and phosphorylation.
Injection of retrovirus. Fertilized eggs were incubated to E2.5-E3 (stage 13-16) (Hamburger and Hamilton, 1992) , and a small hole was created around the top of the egg and in the vitelline membrane overlying the eye. Using a glass micropipette mounted in a micromanipulator, 10 -20 nl of concentrated virus was delivered into the subretinal space by pressure injection (Picospritzer II; General Valve Corporation, Fairfield, NJ). The egg shell was then sealed with parafilm and incubated for 3-12 d as indicated. All procedures were approved by the Institutional Animal C are Committee of Weill Medical College.
Processing of embr yos. Embryos were harvested (E9 or E15) and decapitated, and the injected eye was excised. The eye cup was fixed in 2% PFA in PBS for 1 hr, washed with PBS, and treated with the chromogenic substrate 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-gal) to detect ␤-gal-expressing cells. The position of clones in whole-mount preparations of retina was recorded relative to the tip of the optic nerve head using a micrometer grid. C lones within the central retina were identified at E15 as a 4 mm 2 area and at E9 as a 2.25 mm 2 area, extending inferiorly from the tip of the optic nerve head to a point 4 mm (E15 retina) or 3 mm (E9 retina) superiorly, and 2 mm (E15) or 1.5 mm (E9) to the nasal and temporal side of the optic nerve head. Tissues were embedded in paraffin and serially sectioned at 10 m.
Immunofluorescence detection of truncated trk C and ␤-galactosidase. Embryos injected at E2.5 with truncC expressing retrovirus were killed at E7, and eyes were fixed, cryoprotected, and sectioned at 10 m. Sections were permeabilized in 0.1% Triton X-100 for 30 min, and double immunohistochemical labeling was performed using the polyclonal antisera recognizing truncated trk C (1:500) and a monoclonal antibody to ␤-galactosidase (1:500; Sigma, St. L ouis, MO). After washing, sections were incubated in FI TC -conjugated horse anti-mouse IgG (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA) and Texas Redconjugated goat anti-rabbit IgG (1:200; Jackson Labs), washed, and examined using a Nikon epifluorescence microscope.
BrdU labeling in ovo. Chick embryos injected at E2.5 were administered the thymidine analog bromodeoxyuridine (BrdU) (75 g; Amersham, Arlington Heights, IL) at E6 by administration onto the chorioallantoic membrane for 4 hr before they were killed. After fixation and incubation with X-gal substrate, eyes with central retinal infections were embedded in paraffin and sectioned at 10 m. BrdU histochemistry using anti-BrdU antibody (1:500; Dako, Glostrup, Denmark) was performed after quenching of endogenous peroxidase using 0.1% hydrogen peroxide in methanol (Ϫ20°C), permeabilization with proteinase K , treatment in 2N HC l, and neutralization in 0.1 M Borax, pH 9.6, as per the commercial protocol. Immune complexes were visualized using biotinylated horse anti-mouse IgG (Vector Laboratories) and the Vectastain Elite ABC K it using a V I P substrate (Vector Laboratories).
Clonal anal ysis. X-gal-stained sections of retrovirally infected retina were analyzed using a computer-assisted three-dimensional reconstruction system (Neurolucida, MicrobrightField Inc., Colchester, V T). Microscopic and computer graphics images were superimposed through the oculars of the microscope using a drawing tube and attached miniature monitor (L ucivid, MicrobrightField Inc.). Multiple computer-generated markers and rulers made it possible to label cell types and take measurements within the microscopic image. Retinal clone size was determined at E15 by counting ␤-galactosidase-positive cells in single clones on serial sections using a 100ϫ objective. In addition, the cell type composition of individual clones was determined on the basis of cell morphologies and the positions of the cells within retinal lamina (Fisher, 1979; Fekete et al., 1994) .
For analysis of retinal clone size at E9, individual cells could not be accurately counted so clone size was determined on the basis of clonal volume. Serial sections were viewed through a 40ϫ objective, and cellular regions containing the ␤-gal-positive blue precipitate were delineated, with area measurements determined using the Neurolucida program. C lonal volume was calculated as the sum of the areas occupied by ␤-gal-stained cells in each section multiplied by section thickness.
BrdU anal ysis. To determine the number of BrdU-labeled nuclei in ␤-gal-labeled clones of E6 retina, BrdU ϩ nuclei were counted, and the ␤-gal-positive areas were determined as described above. Quantitative analyses were restricted to central retina, and to f urther control for proliferation gradients we used clones that were position-matched between truncated trk C -infected and CXL-infected retinas. Numbers of BrdU ϩ nuclei were expressed per unit area (mm 2 ) rather than per clone to control for the differences in clone size. As an internal control, BrdU ϩ nuclei were also counted in uninfected (␤-gal-negative) areas matched by size and shape to the immediately adjacent virally infected areas. The data were normalized as the ratio of BrdU nuclei in ␤-gal-positive areas to BrdU nuclei in ␤-gal-negative areas. This ratio represents the number of proliferating cells in the transgene-expressing areas relative to the surrounding noninfected areas.
RESULTS

Expression of NT-3 and trk C during early chick retinal development
To determine whether NT-3 could regulate early stages of retinal development, immunolocalization was performed on E5 retinas. NT-3 was detectable in the outermost retina immediately adjacent to the pigmented epithelium ( Fig. 1 A) , an area that is part of the neuroblastic region in which retinal progenitors are actively dividing at this stage of development. Additionally, NT-3 immunolabeling was observed in cells of the innermost retina in the developing ganglion cell layer, a region of retina that continues to express NT-3 throughout chick embryonic development (Das et al., 1997) . There was an absence of labeling in control sections in which NT-3 antisera was preabsorbed with the immunizing peptide (Fig. 1 B) . Trk C receptor expression in E5 chick eye was assessed by RT-PCR using primers specific for full-length trk C. Consistent with previous in situ hybridization studies , trk C mRNA expression was detectable in chick retina at E5 (Fig. 1C) . Thus coexpression of NT-3 and trk C was observed at early developmental stages during which progenitor cells predominate.
Generation of a stable truncated trk C viral-producing line
To assess the role of NT-3 in modulating the early stages of chick retinal development in ovo, a replication-defective retrovirus encoding truncated chick trk C was generated. Transfection of this viral vector encoding lacZ into a packaging cell line resulted in stable clones from which the virus was propagated at high titer. Expression of truncated trk C in these clones was confirmed by Western blot analysis, which demonstrated a single 100 kDa band corresponding to the predicted molecular size of truncated trk C and was absent in blots of parental packaging cells (Fig. 2 A, B) . To confirm that truncated trk C expressed by these clones was capable of binding NT-3, cross-linking analysis was performed using the radio-iodinated ligand. The cross-linked product of Figure 1 . Expression of NT-3 and trk C receptors in E5 chick eye. A, E5 frozen sections were immunostained with antisera to NT-3 using a VIP chromogenic substrate (red) and counterstained with hematoxylin (blue). Labeling for NT-3 is most prominent adjacent to the retinal pigment epithelium in an area of retina where retinal progenitors are mitotically active. Labeling is also detected in the innermost retina. PE, Pigmented epithelium; NR, neural retina. B, In the control section, labeling was blocked by addition of immunizing peptide. Scale bar, 10 m. C, Total RNA from chick eyes harvested at E5 was subjected to RT-PCR using primers specific for full-length trk C. Ϫ and ϩ indicate the absence and presence, respectively, of reverse transcriptase during cDNA synthesis as a control for genomic DNA contamination. The full-length trk C primers generated a single band of the expected molecular size (772 bp).
ϳ125 kDa, composed of NT-3 (13.5 kDa) and truncated trk C (110 kDa), was detected in clones expressing the truncated trk C retrovirus but not in parental packaging cells.
Expression of truncated trk C inhibits NT-3-mediated kinase-active trk C activation
Although studies have demonstrated that the kinase-inactive truncated trk B receptor can inhibit BDNF signaling when coexpressed with kinase-active trk B (Biffo et al., 1995; Eide et al., 1996) , the ability of truncated trk C to inhibit kinase-active trk C autophosphorylation has not been formally documented. Thus, kinase-active trk C was transiently expressed in parental packaging lines or in truncated trk C-expressing clones. After treatment with NT-3 for 5 min, cells expressing only the kinase-active trk C receptor exhibited a robust NT-3-induced trk C autophosphorylation (Fig. 3C) . Conversely, cells coexpressing truncated trk C and full-length trk C were markedly reduced in the ability of NT-3 to initiate the autophosphorylation of the kinase-active trk C. Expression of truncated trk C and kinase-active trk C in each condition was confirmed by immunoblotting ( Fig. 3 A, B) . Thus, overexpression of truncated trk C can inhibit NT-3 activation by kinase-active trk C when both receptor isoforms are coexpressed.
Retrovirally transduced coexpression of truncated trk C and ␤-galactosidase
For analysis of the effects of truncated trk C overexpression, in ovo injections were performed in which concentrated viral supernatant from the truncated trk C packaging clones was introduced into the subretinal space of chick embryos. After retroviral infection and integration into the host genome, the transgenes encoding truncated trk C and the reporter gene, ␤-galactosidase, are transcribed as a dicistronic message separated by an IRES sequence. Because the protein expression of ␤-galactosidase, translated in a 5Ј cap independent manner via the IRES element, serves as the marker for truncated trk C expression by virally infected cells, double immunofluorescent labeling of cells was performed to assess the coordinate expression of truncated trk C and ␤-galactosidase. Sections of E7 chick retinas, obtained after infection at E2.5 with the truncated trk C/␤-galactosidaseencoding virus, demonstrated that truncated trk C labeling coincides with staining for the reporter gene, ␤-galactosidase (Fig. 4) . Immunodetection of truncated trk C expression appeared to be limited to cells expressing ␤-galactosidase, suggesting that the level of expression of endogenous truncated trk C receptor at this stage of retinal development is low.
Expression of truncated trk C reduces clone size
To assess the effects of truncated trk C expression on retinal clone size, embryos were injected subretinally at E2.5 with retrovirus encoding truncated trk C/lacZ or lacZ alone at low viral titers (10 5 -10 6 virions/ml) to obtain spatially isolated colonies of cells at E15 as visualized by X-gal histochemistry. In previous lineage analysis studies in chick retina, such viral titers similarly produced isolated clones of cells (Fekete et al., 1994) , consistent with our findings. In our experiments, we observed on average two to three Figure 2 . Expression of truncated trk C by the transfected packaging cell line. A, Lysates of truncated trk C (truncC)-expressing packaging cells were immunoprecipitated with preimmune or immune antisera to truncated trk C, and Western blots were probed with immune antisera to truncated trk C. B, Western blots of cell lysates of parental (control ) or truncated trk C-expressing packaging cells were probed with the truncated trk C antisera. Expression of the truncated trk C receptor was observed at 100 kDa. C, NT-3 binding to truncated trk C was detected by cross-linking. Two independent lines stably expressing truncated trk C and the control parent cell line were incubated with 125 I-NT-3 after which bound NT-3 was cross-linked to cells using HSAB. After detergent lysis, proteins were separated by SDS-PAGE, and autoradiography was performed. The molecular size of the 125 kDa cross-linked species is consistent with the predicted molecular weight of the NT-3-truncated trk C product (13 ϩ 110 kDa). Figure 3 . Truncated trk C expression inhibits full-length trk C activation. Native packaging cells or packaging cells expressing truncated trk C were transfected with full-length trk C, and cells were untreated (Ϫ) or treated (ϩ) with 50 ng/ml NT-3 for 5 min. A, Truncated trk C expression was detected in cell lysates by Western blot analysis using antisera (␣-truncC) that specifically recognized the truncated trk C receptor. B, Full-length trk C expression was confirmed by immunoprecipitation of cell lysates with antisera (␣-FLtrk) that recognized full-length trk C, after which Western blots were probed with the same antisera. C, To detect phosphorylation of trk C receptors, cell lysates were immunoprecipitated with antisera (␣-FLtrk) that recognized full-length trk C, after which Western blots were probed with an antiphosphotyrosine antibody (␣-PY ). Only cells that expressed full-length trk C alone without the expression of truncated trk C demonstrated a robust ligand-induced signal for trk C receptor phosphorylation. Western blot analysis of lysates from cells overexpressing trk A (615) were probed with ␣-FLtrk ( B) and ␣-PY ( C), which served as positive controls for trk expression ( B) and trk phosphorylation ( C).
infective events (clones) within central retina after injection with either the control or truncated trk C virus.
Sections from E15 retinal clones infected with control lacZ virus exhibited multiple radial columns of ␤-gal-positive cells spanning the width of the retina, as shown previously (Fekete et al., 1994) . Variable numbers of labeled single cells were also scattered throughout each retinal section (Fig. 5A) . In contrast, in sections from truncated trk C-infected clones harvested at E15, radial arrays were also observed, but more often with fewer cells present in each column. Consequently, there appeared to be a greater frequency of single isolated cells (Fig. 5B) . Nevertheless, ␤-gal-positive cells were detected in all cellular laminae in the truncated trk C-expressing clones.
Chick retinal progenitors normally undergo lateral mixing along the neuroepithelium before they migrate radially and differentiate into columnar arrays (Fekete et al., 1994) . To determine whether the extent of lateral migration was affected by overexpression of truncated trk C, the total area that a clone encompassed in retina was determined by calculating the greatest distance between transgene-expressing cells in serial sections of a clone. No difference between truncated trk C-expressing and control clones was detected (data not shown), suggesting that the lateral migration of cells within retina was not impaired by altered NT-3 signaling. Additionally, after analysis of retinas injected at high viral titers with the truncated trk C or control virus, there were no differences in the ability of virally infected cells to migrate to different retinal layers (data not shown).
The sizes of the retrovirally infected E15 clones were determined by counting ␤-gal-positive cells on serial sections of retina from six truncated trk C clones and three control clones obtained from individual embryos. The sizes of the three control clones fell within the range of clone sizes found within central retina in Figure 5 . Central clones in E15 chick retina. ␤-gal expression is detected in clones after infection at E2.5-E3 with control retrovirus transducing only lacZ ( A) or retrovirus transducing both truncated trk C and lacZ ( B). Clones were located in central retina. In control clones, ␤-gal-positive cells were arranged predominantly in radial arrays. Truncated trk C-expressing clones consisted of fewer radial arrays, and more isolated ␤-gal-positive cells were observed. gc, Ganglion cell layer; ip, inner plexiform layer; in, inner nuclear layer; op, outer plexiform layer; on, outer nuclear layer. Scale bar, 10 m. Figure 8 . BrdU labeling in E6 retina expressing the ␤-galactosidase transgene. Retinas that were infected at E2.5-E3 with retroviral vector were administered BrdU at E6 for 4 hr before they were killed. BrdU histochemistry was performed on X-gal-stained sections. BrdU-labeled nuclei ( purple) were counted in ␤-gal-positive areas and in flanking uninfected (␤-gal-negative) areas that served as an internal control. pe, Pigmented epithelium; nr, neural retina. Scale bar, 10 m. previous chick lineage studies (Fekete et al., 1994) . Clones expressing truncated trk C consistently had fewer cells per clone compared with control CXL-infected clones ( p Ͻ 0.01; unpaired two-tailed t test) (Fig. 6) . Overall, a 72% decrease in total cell number was observed in clones in which trk C signaling was disrupted, suggesting that NT-3 functions to regulate clone size in the developing chick retina.
Because overexpression of truncated trk C led to an alteration in retinal clone size at E15, we sought to determine whether NT-3 regulates clonal cell numbers at earlier stages of retinal development by analyzing clones at E9. At this stage, progenitor cells are proliferating, and many cells are undifferentiated. However, migrating cells in the retinal neuroepithelium are elongated and densely packed at E9, precluding accurate counting of individual ␤-gal-labeled cells. Therefore, clone size at E9 was quantified on the basis of clonal volume (see Materials and Methods). The validity of this method was demonstrated by selecting one control and one truncated trk C-expressing clone from E15 retinae for clonal volume measurements. The clone volumes were calculated to be 705 and 202 mm 2 (control and truncated trk C, respectively), a ratio of 3.5:1. The latter compares favorably to the 3.8:1 ratio obtained when clone size was determined by total cell number. Thus, clone volume measurements were considered to be a reliable measure of clone size.
Clone volumes from three truncated trk C and three control clones, each taken from individual embryos harvested at E9, revealed that the truncated trk C-expressing clones were reduced in size relative to control clones ( p Ͻ 0.05; unpaired two-tailed t test) (Fig. 7) . Indeed, the average reduction in clone size at E9 (64%) was similar to the reduction in clone size observed at E15 (72%), indicating that NT-3-mediated trk C signaling serves to regulate retinal cell numbers early in development.
Expression of truncated trk C reduces cell proliferation
The reduction in the size of truncated trk C-expressing clones suggests that NT-3-mediated trk C signaling could induce proliferation of progenitor cells or inhibit apoptosis. To determine whether a dominant effect of NT-3 is to regulate cellular proliferation, BrdU incorporation was determined in control and truncated trk C-expressing clones that were position-matched within central retina. BrdU labeling of embryos was performed for 4 hr at E6 (Fig. 8) , and the numbers of BrdU ϩ nuclei per unit (mm 2 ) area were assessed (Table 1 ) (see Materials and Methods). Quantitation of BrdU ϩ cells within the ␤-gal-positive areas yielded a nearly 50% reduction in the relative numbers of BrdU-labeled nuclei in truncated trk C-infected retinas as compared with control retinas (Fig. 9) ( p Ͻ 0.005; unpaired two-tailed t test). This decrease is comparable to the observed reduction in clone size and suggests that an important function of NT-3 in early retinal neurogenesis is to regulate cell proliferation.
Expression of truncated trk C reduces all retinal cell types
To determine whether NT-3/trk C signaling regulates the differentiation of distinct cell types within the developing retina, clones in E15 retinas were also analyzed for cell type composition. In control experiments, immunohistochemical labeling was performed with cell type-specific markers to confirm the laminar positions of the retinal cell types. Using this positional information and morphological cues, the cell types were identified and counted within clones. Expression of truncated trk C resulted in a reduction in all major retinal cell types examined at E15 as Figure 6 . Effects of overexpression of truncated trk C on clone size in central retina at E15. Retinas were infected at E2.5-E3 with retroviral vector encoding truncated trk C and ␤-gal or ␤-gal only (control ). Truncated trk C-expressing clones were composed of fewer cell numbers compared with control-infected clones. Each bar represents the total number of cells from an individual clone. The mean of the six truncated trk C values was significantly different than the mean of the three control values, p Ͻ 0.01; unpaired two-tailed t test. Figure 7 . Effects of overexpression of truncated trk C on clone size in central retina at E9 on total cell volume (mm 3 ) per clone. Retinas were infected at E2.5-E3 with retroviral vector encoding truncated trk C and ␤-gal or ␤-gal only (control ). Clonal volume in the truncated trk C-expressing clones was reduced as compared with that in control clones. Each bar represents data from an individual clone. The mean of the three truncated trk C values was significantly different than the mean of the three control values, p Ͻ 0.05; unpaired two-tailed t test. The total numbers of BrdU-labeled nuclei per mm 2 of retina at E6 were calculated from ␤-gal-positive areas that were position-matched within central retina of individual embryos. Retinas were infected at E2.5 with virus encoding either truncated trk C and ␤-gal or ␤-gal alone. a Embryos injected with virus expressing lac Z only. b BrdU counts were performed in areas flanking ␤-gal ϩ regions.
compared with control clones (Fig. 10) . This decrease suggests that NT-3 may act on multipotent precursor cells in the early retina and concurs with our observation that truncated trk C expression reduces the numbers of BrdU-labeled nuclei of early retinal progenitors. This interpretation is also consistent with the observation that ganglion cells, which are born between E2 and E7 and are the first retinal cell type to become postmitotic (10% are postmitotic by E3) (Prada et al., 1991) , are the most modestly affected cell type in the truncated trk C-expressing clones (Fig.  10) . Although injections were performed at E2.5, viral integration would not have occurred for at least 1 d (Fekete et al., 1994) . This would result in a delay that might allow some ganglion cells to be born before the expression of the truncated trk C transgene.
DISCUSSION
NT-3 is an early retinal mitogen
By using retroviral gene delivery to inhibit NT-3-dependent trk C signaling, our studies reveal that NT-3 is a potent physiological mitogen in the early chick retina. This conclusion is supported by expression studies that demonstrate localization of both NT-3 and kinase-active trk C in neuroblastic regions of retina during the interval when progenitor cells are dividing. Additionally, the consistent reduction in the generation of six distinct retinal cell types suggests that NT-3-mediated activation of trk C promotes the proliferation of uncommitted neuroepithelial cells within the early retina. However, there may be additional factors that regulate progenitor cell proliferation, because inhibition of NT-3 signaling results in a ϳ50% reduction in cell proliferation as assessed by BrdU incorporation. Indeed, in vitro studies reveal that retinal progenitors may change in their responsiveness to mitogenic signals during development and that growth factors may act in combination at different developmental stages (Lillien and Cepko, 1992; Anchan and Reh, 1995) . In this regard, previous in vitro studies indicated that IGF-1 also acts as a retinal mitogen in chick (Hernandez-Sanchez et al., 1995) . However, the actions of IGF-1 may be distinct from NT-3 because IGF-1 is expressed at low levels in retina until E9 and may affect only a subpopulation of retinal neuroepithelial cells (de la Rosa et al., 1994b; Hernandez-Sanchez et al., 1995; Frade et al., 1996) . Thus, it will be important in future studies to determine whether NT-3 and IGF-1 act in a sequential and/or complementary manner on all or on specific subsets of progenitor cells to contribute to the generation of the retinal progenitor pool. Analysis of E15 retinal clones expressing truncated trk C reveals a decrease in clone size that is represented in all the retinal cell types, suggesting that NT-3 can act early on uncommitted precursor cells. This decrease in clone size is consistent with previous studies in which the retinal laminae were thinner in embryos subjected to NT-3 depletion . Because retinal progenitor cells change in their competence to respond to the environmental cues that promote differentiation, the numbers of available precursor cells at each stage of development will influence the ultimate number of each cell type that is generated. Therefore, the relative decrease observed in all of the cell types within the truncated trk C clones suggests that relatively fewer precursor cells reach each competent stage. This may also explain the phenotype observed on E15 sections, wherein truncated trk C-expressing clones are composed of fewer complete radial columns of cells. The rate of neurogenesis is very rapid in early chick retina, with proliferating cells exhibiting short cycling times (7-10 hr) (Morris and Cowan, 1995) . Therefore, even a modest inhibition in proliferation may significantly reduce the number of retinal precursor cells that are generated.
One mechanism to account for the observed decrease in cell proliferation upon inhibition of NT-3 signaling is by a slowing of the cell cycle progression. NT-3 has been demonstrated to be Figure 9 . Effects of the overexpression of truncated trk C on proliferation of retinal progenitor cells. The relative numbers of BrdU-labeled nuclei per mm 2 of retina at E6 were calculated after retinas were infected at E2.5 with virus encoding either truncated trk C and ␤-gal (solid bars) or ␤-gal alone (hatched bars). Relative numbers were calculated as the number of BrdU-labeled nuclei per mm 2 of the ␤-gal-positive area versus the number in the adjacent ␤-gal-negative area (see Materials and Methods). Each bar represents data from a single retina. BrdU counts presented as pairs were obtained from ␤-gal-positive areas that were position-matched within central retina. The mean of paired differences between control and truncated trk C values was significant, p Ͻ 0.005; paired two-tailed t test. Figure 10 . Effects of overexpression of truncated trk C on cell-type composition of clones in E15 chick retina. Retina were infected at E2.5-E3 with retroviral vector encoding truncated trk C and ␤-gal or ␤-gal only. Counts of different cell types were performed on the same clones (6 truncated trk C; 3 control) as are presented in Figure 5 . Values are presented for each cell type in the truncated trk C-expressing clones as mean percentage of control values Ϯ SEM. All cell types exhibited a reduction in cell number in the truncated trk C-expressing retinas. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; ANOVA and Newman-Keuls multiple comparisons post test. GC, Ganglion; AM, amacrine; Mull, Muller; Bipol, bipolar; Hor, horizontal; Photo, photoreceptor cells. important in promoting oligodendroglial progenitor cells into S-phase entry as confirmed by the expression of c-myc and cdc2, which are proteins activated in the G1 and S phases of the cell cycle (Kumar et al., 1998) . Therefore, blockade of NT-3 signaling by truncated trk C may act to inhibit the transition into S phase and consequently lengthen cell cycle times. The prolongation of cell cycle when NT-3 and trk C signaling are impaired may explain the results of previous experiments in which an expanded radial proliferative zone spanning the entire thickness of the inner nuclear layer is observed at E9 in those retinas treated at E3 with blocking antibodies to NT-3 . Cell cycle times may be lengthened by a deficiency of NT-3 such that retinal progenitor cells remain in an expanded germinal zone for longer periods of time.
Multiple roles for NT-3 during retinal development
Although we have demonstrated that NT-3 is an early retinal mitogen, we cannot exclude additional trophic functions for NT-3 in later retinal development. Such pleiotropic roles for NT-3 have been observed in oligodendrocytes, in which NT-3 can promote either proliferation or survival depending on the stage of oligodendrocyte maturation (Cohen et al., 1996) . In the retina, NT-3 may regulate trophic responses at later developmental stages, as has been suggested from in vitro experiments in which NT-3 promoted the survival of postmitotic ganglion cells and amacrine cells after E9 (de la Rosa et al., 1994a) . Indeed, late trophic effects of NT-3 may help to explain the difference observed in the reduced numbers of BrdU ϩ cells in truncated trk C-expressing cells at E6 (50%), which was less than that predicted by analyzing clone size at E15 in the truncated trk C clones (72%). The larger decrease in cell numbers at E15 may be caused by truncated trk C inhibition of NT-3-mediated survival. Alternatively, after E6, NT-3 may continue to be an important mitogen until the end of neurogenesis at E12, such that the decrease in clone size observed at E15 may reflect the cumulative effects of inhibition of NT-3-mediated proliferation caused by truncated trk C expression. Our studies also do not rigorously exclude trophic effects of NT-3 on ganglion cells, a role suggested by previous in vivo studies in which reduced numbers of ganglion cells were observed in embryos exposed to anti-NT-3 antisera . However, these previous studies did not examine the effects of NT-3 depletion on other retinal cell types. Our studies also demonstrate a decrease in ganglion cell numbers at E15 in the truncated trk C-expressing clones compared with control. However, a comparable decrease is observed for all of the other retinal cell types examined, which we attribute to effects of NT-3 on the proliferation of progenitor cells. One strength of the clonal analysis technique is that direct actions of NT-3/trk C signaling can be deduced in the context of normal expression of trk C in neighboring retina. This is distinctive from approaches using gene targeting or the addition of neutralizing antibodies to whole embryos, in which both direct and indirect actions of altered NT-3 signaling may be observed. Therefore, this approach allows the extension and redefinition of the actions of NT-3 as an important mitogen during early retinal development.
Roles for endogenous truncated trk C
Although we have demonstrated that overexpression of truncated trk C can inhibit NT-3-dependent signaling of kinase-active trk C in vitro, additional roles for the endogenous truncated trk C receptor have been postulated. For example, the truncated trk B receptor may regulate ganglion cell death in the developing rat retina, because expression of both truncated and full-length trk B transcripts has been detected in a subset of ganglion cells (Suzuki et al., 1998) . Because the period of apoptosis in rat ganglion cells (E20 -P7) parallels expression of truncated trk B in GCs (E19 to adult), Suzuki et al. (1998) suggested that endogenous truncated trk B expression may limit trk B signaling and hence regulate GC survival. Similarly, one can postulate from our results that the regulated expression of endogenous truncated trk C can restrict the number of progenitor cells generated during development caused by inhibition of kinase-active trk C signaling. Interestingly, alternative roles of truncated trk C that are independent of full-length trk C have been postulated during neural crest development (Hapner et al., 1998) . It is important to recognize, however, that the phenotype of transgenic animals overexpressing truncated trk C recapitulates the phenotype of trk C and NT-3 null mutant animals (Palko et al., 1999) , indicating that a dominant function of truncated trk C, when coexpressed with kinaseactive trk C, is to limit NT-3-mediated signaling.
A critical determinant of NT-3 actions during retinal development, therefore, appears to be based on the regulated expression of the trk C isoforms. Cross-linking analysis in several species reveals that the expression of the kinase-active trk C generally precedes the expression of truncated trk C (Allendoerfer et al., 1994; Escandon et al., 1994) . The relative levels of expression of truncated trk C to kinase-active trk C within a cell might determine whether a cell will proliferate and advance to a postmitotic state or fail to respond to NT-3. As is the case with trk B, a critical ratio between the truncated and kinase-active trk B receptors may be necessary to impair kinase-active trk B signaling (Eide et al., 1996) . Future studies will be necessary to determine the patterns of trk isoform switching to more clearly understand neurotrophin functions during development.
In conclusion, these studies suggest that endogenous NT-3 is an important mitogen in early retinal development and serves to establish the size of the progenitor pool from which all future differentiated cells arise. These studies define a novel action of NT-3, in addition to its characteristic functions of providing trophic support for specific retinal cell types during later stages of retinal development.
